Pesquisa de mutações nos genes do hormônio antiMülleriano (AMH) e do seu receptor (AMHR2) em pacientes com síndrome de persistência dos ductos Müllerianos
INTRODUCTION
N ormal development of male internal and external genitalia during embryogenesis depends on the action of testicular hormones: anti-Müllerian hormone (AMH) and testosterone. AMH is secreted by Sertoli cells and acts on its receptor in the Müllerian ducts, determining their regression. Testosterone, secreted by testicular Leydig cells, acts on the androgen receptor in the Wolffian ducts inducing the formation of epidydimis, deferent ducts, and seminal vesicles. Testosterone is further reduced to dihydrotestosterone (DHT) by the enzyme 5α-reductase 2, which acts on the androgen receptor of the prostate and external genitalia, determining their masculinization (1) . The development of female internal genitalia in a male individuals may occur due to the incapacity of Sertoli cells to synthesize or secrete AMH, or due to alterations in type II AMH receptor.
Patients with persistent Müllerian duct syndrome (PMDS) have normal male phenotype, and the presence of an uterus and Fallopian tubes is usually discovered during corrective surgery for inguinal hernia or cryptorchid testis (2) . Leydig cell function is preserved, but azoospermia is common, due to the malformation of the ductus deferens or agenesis of the epididymis (3) . The testes are usually adhered to the uterine tubes, and may be located in the abdominal or inguinal region. Hernia uteri inguinalis is a condition where the testes and Mül-lerian derivatives are found within a hernia inguinalis, and when the testes descend through a single inguinal canal, this is known as a transverse testicular ectopia.
The anatomical abnormalities common to all patients with PMDS lie in the failure of the gubernaculum to anchor the testes in the base of the scrotum. Migration of the gubernaculum to the scrotum creates a processus vaginalis in which one or both testes, accompanied by Müllerian derivatives, may cause hernias (4) . Abnormal mobility of the testes facilitates their torsion and may lead to uni-or bilateral testicular degeneration (3).
The testes are not often connected to the ejaculatory ducts due to aplasia of the epididymis and the upper portion of the deferent duct or, secondarily, to the disassociation between the epididymis and testis caused by the presence of the Müllerian derivatives. The vas deferens is generally short and strongly associated with the uterine wall. Testicular histology is often normal, with the presence of spermatogonia, except in cases of long duration cryptorchidism. The presence of testicular germ cell tumors in adults patients, sometimes, may lead to an unexpected discovery of Müllerian derivatives (5).
PMDS is a heterogeneous disorder that is inherited in a sex-limited autosomal recessive manner. Occurrences in several members of some families have already been described (6) . The phenotype can be produced by a mutation in the gene that encodes anti-Müllerian hormone, or by a mutation in type II AMH receptor gene. These two forms result in the same phenotype and are referred to as PMDS type I and type II, respectively.
The AMH gene was cloned in 1986 by Cate and cols. (7) . AMH is a small gene containing five exons located in chromosome 19p13.3 (8) , and its protein product acts by means of its specific type II receptor (AMHR2), a serine/threonine kinase, member of the family of type II receptors for TGF-b-related proteins (8) . Several mutations in AMH have already been described ( Figure 1) (9-11) .
The AMHR2 gene, located in 12q13, was cloned in 1994 by two different groups (12, 13) . AMHR2 contains 11 exons and more than 27 mutations have already been described in this gene ( Figure 1 ) (5, 9, 14) .
The aim of this study is to screen for mutations in AMH and AMHR2 genes in patients with PMDS. 
Clinical evaluation
The patients presented chronological age from four months to 37 years. Four patients reported having consanguineous parents. The main complaints were presence of inguinal hernia and/or cryptorchidism. All subjects had male external genitalia and uni-or bilateral cryptorchidism. Four of them presented inguinal hernia. The presence of Müllerian derivatives was de monstrated by pelvic ultrasound and/or anatomopathological study. AMH levels were determined in three patients: 64.4 ng/mL in patient 7, and < 0.18 ng/mL in patient 8 (normal levels for their age: 33.8-110.8 ng/mL). and 4.6 ng/mL in patient 6 (normal levels for his age: 63.6-132.2). All of them had 46,XY karyotype.
Molecular evaluation
Genomic DNA samples were obtained from peri pheral blood leukocytes using the Salting Out technique (15) . DNA was amplified by PCR using specific primers for the AMH (ENSG00000104899) and AMHR2 (ENSG00000135409) genes (Table 1 ). All PCR reactions were performed with 100-500 ng of genomic DNA, 200 mM of dNTP, 20 pmol of each primer, 0. Cloning: The amplicon of AMH exon 1 was cloned into pcDNA3.1/v5-His TOPO TA vector. The TOPO 10 E. coli were transformed with this vector using pcD-NA3.1/v5-His TOPO TA Expression Kit (Invitrogen, Life Technologies Corporation, CA, USA). Transformed E. coli were grown in selective medium (LB with 50 µg/mL ampicilin), the vector was extracted with QIAprep Spin Miniprep Kit (QIAGEN Inc., Valencia, CA, USA), and was sequenced as described above.
In silico analysis: The allelic variants identified were analyzed using the software BDGP Splice Site Prediction by Neural Network (http://www.fruitfly.org/ 
RESULTS
The AMH gene analysis revealed four mutations in five patients. Two of them were novel mutations: c.556-2A>G (intron 2), and p.Arg502Leu (c.1505G>T, exon 5) ( Table 2 , Figures 1 and 2) . The c.556-2A>G mutation, which involves the acceptor splicing site, was identified in homozygous state in three patients (1, 2 and 6). In silico analysis using the software BDGP Splice Site Prediction by Neural Network, Mutation Taster, and Human Splicing Finder showed that this site is no longer recognized as a splicing site, and predicted that the mutation was the cause of the disease. Four already described allelic variants: c.146 T>G (rs10407022, p.Ser49Ile), c.252G>A (rs61736572, p.Leu84=), c.303G>A (rs61736575, p.Gly101=), c.555+50G>A (rs8112524) were also identified in these patients in homozygous state. The frequencies of the allelic variants c.146 T>G (rs10407022), c.252G>A (rs61736572), and c.303G>A (rs61736575) were 23/110 (20.9%), 2/110 (1.8%) and 2/110 (1.8%), respectively, in the normal male group. The homozygous p.Arg502Leu (c.1505G>T) mutation was identified in patient 7. Mutation Taster software predicted that this mutation was the cause of the disease; Polyphen suggested that this mutation was probably harmful, and according to Sift software, it would not be tolerated. In patient 3, the p.Arg95* (c.283C>T), and p.Arg123Trp (c. 367C>T) mutations in exon 1 of AMH were detected in compound heterozygous state. In silico analysis of p.Arg123Trp mutation using the Polyphen software predicted that this variant was probably a damaging alteration, and Sift software suggested a non-tolerated alteration. The p.Arg123Trp mutation was also detected in patient 8 in homozygous state.
AMHR2 gene sequencing identified the mutation p.Gly323Ser (c.967G>A) and the allelic variants c.424-30C>T (rs2071557) and c.*13T>C (rs10876455) in homozygous state in patient 4. The mutation p.Arg407* (c.1219C>T) was found in patient 5 in homozygous state. In patients 2 and 3, the heterozygous allelic variant c.1038G>A (rs784890, p.Ser346=) was also detected. In silico analysis of p.Gly323Ser mutation using Mutation Taster and Polyphen software indicated that this alteration was probably damaging and caused the disease.
DISCUSSION
PDMS is one of the rarest causes of development disorders of male internal genitalia, and it is usually diagnosed during surgical correction of hernia inguinalis. Mutations in AMH or AMHR2 genes, in similar proportions, are the cause of approximately 85% of PMDS cases (6, 16, 17) . In the remaining patients, the cause of the PMDS is unknown (17) .
Patients with AMH or AMHR2 gene mutations have no differences in anatomical phenotype. Normally, AMH levels are measurable during childhood and decrease at puberty. Patients with AMH gene defects show low AMH levels from birth, whereas patients with mutations in AMHR have elevated AMH levels, indicating insensitivity of the target tissues (18). At post-pubertal age, AMH levels cannot be used to select which gene to study in PMDS patients (3) . Currently, the majority of AMH mutations described are located especially in exon 1, and in the 3' portion of exon 5, which are important regions for AMH bioactivity (17) . In the present study, the AMH p.Arg95*, p.Arg123Trp and p.Arg502Leu mutations that were identified were located in these regions, and in silico analyses of p.Arg123Trp and p.Arg502Leu mutations predicted that they were the genetic causes of PMDS in these patients. In addition, Arg502 amino acid is conserved in several organisms, showing its importance in this protein.
The p.Arg502Leu mutation was identified in patient 7, who presented normal levels of AMH for his age, indicating that this mutation, because of its position, might affect hormone bioactivity, and not its secretion rate. Menabo and cols. also described an Italian patient with AMH mutations and normal AMH levels (10).
The previously described mutations in AMH, p.Arg95* and p.Arg123Trp, were found in compound heterozygous state in patient 3, demonstrated by exon 1 amplicon cloning. The p.Arg95* mutation leads to a premature stop codon, resulting in a truncated protein, lacking a large part of the normal protein sequence (19) . Formerly, Imbeaud and cols. described a PMDS patient with undetectable AMH levels and p.Arg123Trp mutation (16) . These findings were similar to those of patient 8.
The novel homozygous c.556-2A>G mutation in patients 1, 2, and 6, located in the acceptor splicing site, abolished this site according to in silico analysis, indicating a possible genetic cause of the disease. Interestingly, these patients had the same three allelic variants near this mutation, which might indicate a founder effect.
AMHR2 mutations were identified in two patients. The p.Gly323Ser mutation, present in patient 4, is located in exon 7, which is a component of the protein kinase domain in the cytoplasmic portion of AMHR2. Glycine is a polar and neutral amino acid, and serine is a nonpolar and hydrophobic amino acid; these distinct amino acid characteristics indicate that the amino acid change might affect protein conformation. In addition, Gly323 is highly conserved among mammals.
The p.Arg407* mutation leads to a premature stop codon. The resulting truncated protein lose a significant portion of the serine/threonine kinase domain in the intracellular portion of the AMHR responsible for the bioactivity of the protein (5). Abduljabbar and cols. also identified this mutation in a family from Saudi Arabia that had consanguineous parents and four affected males. Molecular models of the intracellular domains of the wild type and mutated receptors showed that the mutated protein lost most of the αF helix and all of the four α-helices at the C terminus (5).
In conclusion, a likely molecular etiology was found in these eight patients with PMDS. Four mutations in the AMH gene and two in AMHR2 were identified. Three of them are novel mutations, c.556-2A>G and p.Arg502Leu in AMH; and p.Gly323Ser in AMHR2. Further functional studies are necessary to confirm the in silico analysis. The possibility of a founder effect of the novel AMH mutation (c.556-2A>G) found in three Brazilian patients with the PMDS cannot be excluded.
